Introduction
============

Resveratrol (*trans-*3,5,4′-trihydroxystilbene) is a natural polyphenol, enriched in grapes and red wine, with potential beneficial effects on human health. In fact, the lower incidence of cardiovascular disease in wine drinking countries despite a diet high in saturated fat, a phenomenon referred to as the 'French paradox', has been associated with the actions of resveratrol (Renaud and de Lorgeril, [@B54]; Kopp, [@B40]; Wu et al., [@B67]).

Resveratrol exerts a myriad of physiological effects (for reviews see Fremont, [@B24]; Baur and Sinclair, [@B5]) including antioxidant (Frankel et al., [@B23]; Fremont et al., [@B25]; Mizutani et al., [@B46]; Jang and Surh, [@B35]), phytoestrogenic (Gehm et al., [@B26]), vasorelaxing (Fitzpatrick et al., [@B22]; Jager and Nguyen-Duong, [@B34]; Das et al., [@B13]), anti-inflammatory and anti-carcinogenic activity (Jang et al., [@B36]). In addition, resveratrol has been reported to extend life span in yeast (Howitz et al., [@B30]) and promote survival in mice on a high-caloric diet (Baur et al., [@B4]).

Besides effects on general health and life span, a number of *in vivo* studies suggest that injection of resveratrol during the induction of cerebral ischemia protects the brain against acute neurodegeneration (Wang et al., [@B65]; Lu et al., [@B43]). Also, dietary resveratrol supplementation was able to reduce ischemia-induced neuronal damage (Virgili and Contestabile, [@B64]; Dong et al., [@B16]). In hippocampal slices, cell death and altered neuronal responses due to oxygen and glucose deprivation were attenuated by resveratrol (Zhang et al., [@B68]). Considering its health and survival promoting effects and its neuroprotective potential after acute treatment in models of neurodegeneration, it is an intriguing question whether chronic dietary resveratrol could protect against slow age-related decline in brain function and cognitive performance in normal mice.

The process of aging affects the brain in multiple ways and causes a progressive decline in neuronal and cognitive function. One of the major underlying processes in brain aging is the deterioration of the cerebrovascular system, as it is often seen in age-related disorders and dementia (Buee et al., [@B7]; De Jong et al., [@B14]; Farkas et al., [@B18]; Farkas and Luiten, [@B19]; Riddle et al., [@B55]; Iadecola, [@B31]). Aging is associated with changes in microvascular plasticity and a reduced microvascular density (Amenta et al., [@B2]; Sonntag et al., [@B59], [@B58]; Lynch et al., [@B44]). In addition, aging causes a progressive increase in microvascular abnormalities that affect blood-brain barrier function, including surface irregularities (Lee et al., [@B42]), thickening of the basement membrane and fibrous collagen deposits in the capillary wall (Burns et al., [@B8]; Keuker et al., [@B37]). Such abnormalities may decrease perfusion of the brain, leading to a decrease in nutrient and oxygen supply, which may be an important component in the development of age-related cognitive impairment (De Jong et al., [@B14]; Farkas et al., [@B18], [@B20]; Farkas and Luiten, [@B19]; Riddle et al., [@B55]) and render the brain vulnerable to degenerative mechanisms. Therefore, the cerebrovascular system is an important target in preserving neuronal and cognitive health.

Since resveratrol has a potentially beneficial influence on several parameters involved in aging, including vascular function (Labinskyy et al., [@B41]) we here examine the neurobiological effects of long term, regular resveratrol intake in aged mice. We hypothesized that resveratrol preserves neuronal health and cognitive function in aging mice by delaying age-dependent cerebrovascular deterioration. In order to determine the effects of aging and long-term resveratrol administration on behavioral level, we measured general exploratory activity in an open-field test and analyzed learning and memory performance in a hippocampus-dependent spatial Y-maze task. To assess cerebrovascular condition, we performed detailed structural analysis of cerebral microvessels in the cortex and hippocampus by means of electron microscopy. In addition, we characterized potential alterations in the cholinergic neurotransmitter system, a system often affected in age-related cognitive decline, by determining histochemically labeled cell numbers and fiber density.

Materials and Methods
=====================

Animals and housing
-------------------

The experiment was performed with male C57Bl/6 mice (Harlan, Horst, The Netherlands). The procedures concerning animal care and treatment were approved by the ethical committee for the use of experimental animals of the University of Groningen. Animals were individually housed under a 12-h light/12-h dark cycle with lights on at 8:00 AM. Food and drinking water were provided *ad libitum*, except for the period of behavioral testing as described below. The experiment started with 60 mice, half of which served as control (CON) and half of which received resveratrol in their food from the age of 1 year onwards (RES). Between the ages of 18 and 20 months, spatial learning performance of the animals was studied in a Y-maze test. At the age of 24 months, brains were collected and processed for histochemical analysis of cholinergic parameters and electron microscopic analysis of microvascular ultrastructure in the cortex and hippocampus.

Resveratrol supplementation
---------------------------

Resveratrol was provided in the food (150 μg resveratrol/gram food; Hope Farms, Woerden, The Netherlands). To rule out differences in food intake between animals on a control diet and resveratrol-supplemented diet, food intake and body weight were monitored every 2 weeks. To establish whether resveratrol provided in the food enters the circulation, we performed a pilot experiment in which we collected blood from six mice by decapitation after 1 day and 30 days of supplementation. Plasma concentrations of resveratrol were measured (Danone Research, Wageningen, The Netherlands). After 1 day of supplementation, resveratrol levels in the plasma were 88.5 ± 20.5 μg/l in the last hour of the dark or active phase, when mice consume most of their food, and 41.0 ± 2.6 μg/l in the last hour of the light phase or resting phase (*n* = 3 each). After 1 month of supplementation, levels were 102.7 ± 35.3 μg/l and 30.7 ± 11.2 μg/l at the end of active phase and rest phase, respectively (*n* = 3 each). These measurements confirmed that resveratrol ingested via the food indeed entered the circulation and that levels appeared to fluctuate over the day in a fashion that paralleled food intake.

Open-field test
---------------

To examine general exploratory activity, mice were subjected to an open-field test for 5 min. The open field consisted of a circular arena with a diameter of 120 cm surrounded by a 60-cm high wall. The arena was divided in two imaginary concentric zones, a central zone (60-cm diameter) and an outer zone (120-cm diameter). Position and locomotion of the mice were recorded and analyzed with a computerized video tracking system (Ethovision, Noldus Information Technology, Wageningen, The Netherlands). The number of visits, total time and distance spent in each of the two zones was measured and used to analyze exploration patterns and general activity. The open-field arena was thoroughly cleaned before a new animal was tested.

Y-maze learning
---------------

To examine cognitive performance, the mice were subjected to a Y-maze test in which they had to learn the location of a food reward in one of two accessible choice arms (Havekes et al., [@B28]). The test was conducted in a tubular, transparent plexiglass Y-maze consisting of a start arm and two test arms forming the Y. All arms of the maze were 27.5 cm long, had a diameter of 5 cm, and were at a 120° angle from each other. The home cages of the mice were equipped with a small sliding door that connected to the starting arm. One of the two test arms was baited with a food reward consisting of small crumbs of the regular food. Food crumbs were also placed below perforations at the end of the other test arm to prevent animals from discriminating between baited and non-baited arms by olfactory cues. Small grey plastic blocks (1 cm high) were placed 4 cm from the end of the arms to prevent visual inspection for food presence from a distance. A guillotine door halfway each arm could be operated manually from the experimenter\'s position and was used to allow animals only one choice in each training trial. The experimental room contained visual cues, which served as distal spatial cues. To assure sufficient motivation for the test, the animals were food restricted to about 85% of their original body weight. Food restriction started 3 days before the test. The animals received their food daily between 16:00 and 18:00 PM.

The Y-maze test took place during the first half of the light phase between 10:00 and 14:00 in a room adjacent to the home cage room. The animals were carried in their home cage to the experimental room and the cage was then connected to the Y-maze. On the first day of the test animals were habituated to the maze by allowing them to freely explore the arms for 5 min. They further received two habituation trials during which they had access to the right arm only on the first trial and the left arm only on the second trial, with arms baited during each habituation trial. After the habituation day, mice received a daily training session consisting of eight trials consecutively. During the entire training phase, either the right or left arm was baited. This was constant for a given animal, but randomized between animals and treatments. When during a trial an animal visited one of the two accessible arms, the non-visited arm was closed. After the animal retreated to the start box, the start arm connected to the start box was blocked preventing re-entrance of the maze. After cleaning all arms with damped paper cloth, and re-baiting the same arm, the animal was again allowed to explore either the right or left test arm. A visit to the baited arm was recorded as a correct trial. Mice were trained in the Y-maze for 3 consecutive days and 10 days after the final training day, animals were subjected to another series of eight trials to test their memory.

Tissue processing
-----------------

At the age of 24 months animals were sacrificed for histochemical and electron microscopical analysis. Mice were anaesthetized by a high dose of sodium pentobarbital (Nembutal, 60 mg/kg bodyweight) and transcardially perfused with heparinized saline followed by 4% phosphate buffered paraformaldehyde. After perfusion, brains were carefully removed from the skull and kept in 0.01 M PBS overnight. A random subset of 18 brains (*n* = 9 for both CON and RES) were further processed for electron microscopy. Another random subset of 22 brains (*n* = 11 for both CON and RES) was used for histological analysis.

Histology
---------

For histology, brain tissue was cryoprotected in 30% sucrose in 0.1 M phosphate buffer (PB) for 48 h after which 20 μm sections were cut with a cryostat (Leica CM3050). To analyze possible changes in cholinergic cells and fibers, an enzymatic staining for acetylcholinesterase (AChE) was performed in every 10th section. Sections were postfixed in a 2.5% glutardialdehyde solution in PB overnight at 4°C. AChE histochemistry was carried out according to previously described methods (Hedreen et al., [@B29]). In brief, sections were incubated in an acetylthiocholine-iodide containing incubation buffer, followed by sodiumsulfide and finally intensified with a 0.1% silver nitrate solution. Cell bodies positive for AChE were manually counted by an experimenter blind for the treatment group in two representative sections per animal, containing the nucleus basalis (around bregma −0.7). Cell numbers were expressed as average number per section. AChE fiber density measurements were performed in two sections per animal by a computerized image analysis system (Quantimet, Leica). A contour was drawn around the stratum radiatum and stratum oriens of the CA1 region of the dorsal hippocampus in which fiber density was computed as a percentage of the total surface area covered by cholinergic fibers. The same procedure was used in the molecular layer of the dentate gyrus of the dorsal hippocampus and for two contours per section in the parietal cortex II between bregma −1.4 and −2.3.

Electron microscopy
-------------------

After perfusion, 18 brains were prepared for electron microscopy (de Wilde et al., [@B15]; Farkas et al., [@B21]). Briefly, tissue blocks of the frontoparietal cortex and the dorsal hippocampus were incubated in an aqueous solution of 1% OsO~4~ and 5% K~2~Cr~4~O~7~ (1:1) after thorough rinsing. Subsequently, the samples were dehydrated, incubated in 1% uranyl-acetate, and embedded in glycide ether. Semi-thin sections (0.3 μm) were cut on an ultramicrotome and stained on object glasses with a 1:1 mixture of 1% ethylene blue and 1% Azure II blue. The samples were then coverslipped with DPX and analyzed under a light microscope. Then, 90-nm ultra thin sections were cut of the same blocks and three non-serial sections were collected on 200 mesh copper grids. Subsequently, preparations were contrasted with 5% uranyl-acetate and Reynolds lead-citrate solution. Finally, the samples were analyzed and photographs were taken with a Philips TM10 transmission electron microscope.

For quantitative analysis, approximately 4000 μm^2^ tissue surface was scanned systematically in each region, and 61 ± 10 microvascular cross sections were examined in each sample. Vascular density was calculated for a standard surface area with the help of the sample grid as follows: the number of encountered microvascular profiles was divided by the examined surface area, which was determined by counting the number of grid squares of a standard size provided by the distributor. Vascular density was then expressed as the number of microvascular profiles on 1 mm^2^ surface. In addition to microvessel density, the occurrence of the following features were quantified: luminal endothelial protrusions, large empty endothelial vacuoles and basement membrane thickenings. The basement membrane was considered thickened when local exfoliations were observed in case of capillaries, or hyalinosis in case of arterioles. The number of microvessels displaying any of the noted abnormalities was counted and expressed as percentage of the total number of microvessels examined. Capillaries and arterioles were analyzed separately. Since arterioles were encountered at high enough number for statistical analysis only in the hippocampal vascular layer, quantitative analysis of arteriolar condition was performed for this region of the hippocampus only.

Statistical analysis
--------------------

Y-maze performance was statistically analyzed with a one way ANOVA paradigm for repeated measures. Open-field behavior, histochemical data and electron microscopical data from CON and RES animals showed equal variances as determined by Levene\'s test for equality of variance (*p* \> 0.05) and there was no indication that the data was not normally distributed, as was determined by a one-sample Kolmogorov-Smirnov test (*p* \> 0.05). Therefore, differences were statistically tested using an independent samples Student\'s *T*-test (2-tailed). To evaluate relationships between cerebrovascular parameters and Y-maze performance, a Pearson correlation analysis was applied. Data are expressed as averages ± SEM, *p* \< 0.05 was considered as significant.

Results
=======

Survival and food intake
------------------------

Animals received resveratrol in their food from 1 year of age onwards. Adding resveratrol to the food did not affect food intake, and body weight (data not shown). Before behavioral testing started, at the age of 18--20 months, four animals had died (2 CON and 2 RES). After behavioral testing, but before the end of the experiment at 24 months, nine more animals died (4 CON and 5 RES). There were no significant differences in mortality rate between CON and RES mice, and regular visual inspection did not indicate obvious differences in general health either.

Behavioral performance
----------------------

In the open-field test, CON and RES mice displayed the same amount of locomotion (total distance covered), however, the RES group spent about 50% more time in the center of the arena than the control animals (*T*-test, *p* = 0.003; Figures [1](#F1){ref-type="fig"}A,B).

Also during the habituation trial of the Y-maze, CON (*n* = 28) and RES (*n* = 28) mice displayed similar levels of activity in terms of arm visits and spontaneous alternations (data not shown). However, during the training phase, chronic resveratrol supplementation improved learning (repeated measures ANOVA for number of correct choices on day 1--3: *F*~1,54~ = 6.156, *p* = 0.016; Figure [2](#F2){ref-type="fig"}). A *T*-test per day showed that RES animals performed better than CON animals on the second day of the training phase (*p* \< 0.05). The final level of performance on day 3 and the retention trial on day 10 were not different between CON and RES.

![**Effects of chronic resveratrol supplementation on locomotor behavior in an open field**. The test duration was 5 min and locomotion of CON (*n* = 28) and RES (*n* = 28) animals was monitored with an automated video analysis system. **(A)** Total distance covered during the test. **(B)** Time spent in the center area (diameter: 60 cm) of the arena (\**p*=0.003).](fnagi-01-004-g001){#F1}

![**Effects of chronic resveratrol supplementation on Y-maze learning**. The Y-maze test consisted of 3 training days and a retention day 1 week later. Each day consisted of eight trials and the performance of the animals is expressed as the percentage of correct choices per day. RES animals (*n* = 28) show faster acquisition of the task then CON animals (*n* = 28), as shown on day 2 (\**p* = 0.016).](fnagi-01-004-g002){#F2}

Cholinergic cell numbers and fiber density
------------------------------------------

Analysis of cholinergic cell number in the nucleus basalis did not reveal any difference between CON (*n* = 11) and RES (*n* = 11), (Figure [3](#F3){ref-type="fig"}A). Also, cholinergic fiber density in the CA1 and dentate gyrus of the hippocampus and the PARII region of the cortex was unchanged after RES treatment (Figures [3](#F3){ref-type="fig"}B--D).

![**Effects of chronic resveratrol supplementation on the cholinergic system**. **(A)** Average cholinergic cell number per section in the nucleus basalis is unchanged in the resveratrol-treated animals (***n*** = 11) versus control-treated animals (***n*** = 11). **(B)** Cholinergic fiber density in hippocampal CA1 and **(C)** dentate gyrus show no effect of resveratrol treatment. **(D)** Cholinergic fiber density in the parietal cortex (PARII) does not show an effect of resveratrol treatment.](fnagi-01-004-g003){#F3}

Cerebrovascular system
----------------------

Electron microscopical analysis of brain tissue revealed that vascular density in the hippocampus of RES mice was about 15% higher than that in the control animals (*p* = 0.019; Figure [4](#F4){ref-type="fig"}). In the parietal cortex, vascular density was not different between the two groups.

![**Effects of chronic resveratrol supplementation on vascular density in the brain**. In the hippocampus, resveratrol treatment caused a higher vascular density. This was not observed in the cortex (CON and RES *n* = 9 each) (\**p* = 0.019).](fnagi-01-004-g004){#F4}

The endothelial cells of cerebral microvessels exhibited two discernible abnormalities. The apical surface of the endothelial cells displayed microvillus-like processes into the lumen (Figure [5](#F5){ref-type="fig"}A) and empty, large vacuoles formed primarily in the vicinity of tight junctions (Figure [5](#F5){ref-type="fig"}C). The basement membrane of capillaries occasionally appeared thickened in the form of local exfoliations, while the arteriolar basement membrane, particularly between the endothelial and smooth muscle cells was affected by hyalinosis (Figure [5](#F5){ref-type="fig"}E). The occurrence of basement membrane thickening and endothelial processes was not significantly affected by dietary resveratrol (Figures [5](#F5){ref-type="fig"}B,F). However, the number of microvessels with endothelial vacuoles was significantly reduced by chronic resveratrol treatment (Figure [5](#F5){ref-type="fig"}D) in both hippocampal arterioles (*p* \< 0.05) and cortical capillaries (*p* \< 0.05).

![**Effects of resveratrol supplementation on the occurrence of microvascular abnormalities**. **(A)** Representative photomicrograph and **(B)** quantitative analysis of endothelial processes. Arrowheads point at the typical endothelial processes of a cortical capillary. **(C)** Representative photomicrograph and **(D)** quantitative analysis of endothelial vacuoles (\**p* \< 0.05). The photomicrograph demonstrates a capillary in the hippocampus CA1 region. Arrowheads are pointing at the large, empty endothelial vacuole. **(E)** Representative photomicrograph and **(F)** quantitative analysis of vascular basement membrane thickening. The photomicrograph demonstrates an arteriole in the hippocampal vascular layer. Arrowheads are pointing at healthy and thickened segments of the basement membrane. Abbreviations: asterisk: microvascular lumen, art: arterioles, cap: capillaries, e: endothelial cell, en: endothelial cell nucleus, p: pericyte, smc: smooth muscle cell, smn: smooth muscle cell nucleus (CON and RES *n* = 9).](fnagi-01-004-g005){#F5}

To assess whether cognitive functioning in the aged mice was related to their cerebrovascular status, individual Y-maze performance was correlated with vascular parameters. The Y-maze scores on day 2 and 3 as well as the slope of the learning curve from day 1 to 3 were used as measures of cognitive functioning. Y-maze performance on day 2 correlated positively with capillary density in the cortex, although this only reached statistical significance in the RES group (CON: *R* = 0.59, *p* = 0.09; RES: *R* = 0.86, *p* = 0.03). On the other hand, in the CON animals, Y-maze performance on day 3 showed a negative correlation with the % of endothelial vacuoles in the cortex (CON: *R* = −0.75, *p* = 0.02; RES: *R* = 0.36, *p* \> 0.1), a negative correlation with endothelial processes (CON: *R* = −0.77, *p* = 0.04; RES: *R* = −0.19, *p* \> 0.1) and a negative correlation with basement membrane thickness (CON: *R* = −0.88, *p* = 0.01; RES: *R* = −0.15, *p* \> 0.1) in the hippocampus. Also the slope of the Y-maze learning curve showed a negative correlation with a number of cortical vascular abnormalities like basement membrane thickness in the RES group (RES: −0.85, *p* = 0.03) and endothelial vacuoles in the CON group (CON: *R* = −0.69, *p* = 0.04). Most of these correlations suggest that better learning performance is associated with higher capillary density and lower incidence of vascular abnormalities.

Discussion
==========

Chronic dietary supplementation with the natural polyphenol resveratrol improved performance of aged mice in the acquisition of a Y-maze task and increased the exploration of the center area of an open-field test. The improvement in cognitive performance as observed in the Y-maze was paralleled by an increased microvascular density in the hippocampus and decreased number of vacuolar abnormalities in both hippocampal and cortical microvascular endothelial cells.

Spatial orientation and memory performance in the Y-maze is at least partly dependent on the hippocampus, a brain area often affected by aging (Erickson and Barnes, [@B17]; Havekes et al., [@B28]). We found that resveratrol-treated animals performed better during the acquisition of this task. Although differences in general activity and anxiety are potentially confounding factors in most learning tasks, it is unlikely that this explains the results of the Y-maze test in the present study. First, during the free exploration in the habituation trial before the start of training, resveratrol-supplemented and control mice showed similar levels of explorative activity in terms of arm visits and spontaneous alternations. Second, during the training, all animals entered the maze in every trial and latencies were not different for treated versus untreated animals. Furthermore, although the data from the open-field test show an increased exploration in the center of the arena as opposed to the outer rim, it confirms that there was no effect of resveratrol treatment on general locomotor activity, since the total distance covered by animals was the same for both groups. Taken together, the increased performance of the resveratrol-treated animals during the acquisition phase of the Y-maze task most likely indicates an improved cognitive performance or, alternatively, a reduction in the well-established aging-related decline in cognitive performance (Erickson and Barnes, [@B17]).

The mechanisms behind resveratrol-induced preservation of cognitive performance during aging are most likely multifactorial. In the present study improved performance in the resveratrol- supplemented group was paralleled by higher hippocampal microvessel density and less aberrant microvessels in both hippocampus and cortex compared to the control group. We also tested for associations between Y-maze performance and cerebrovascular parameters on an individual level by means of a correlative analysis. Clearly, this correlative analysis should be interpreted with caution given the high number of possible associations tested and the risk of type-1 statistical errors. On the other hand, despite the restricted number of animals included in the EM study and the reasonably low variation in the various measures, it is striking that all significant correlations point in the same direction, that is, better performance in the Y-maze was associated with higher capillary density and a lower incidence of vascular abnormalities in either cortex or hippocampus. These findings thus support the idea that beneficial effects of resveratrol on cognitive function are mediated via the cerebrovascular system. A higher microvascular density and increased cerebral blood flow might improve performance directly by increasing glucose and oxygen supply to relevant brain areas (Gold, [@B27]; Zlokovic, [@B69]). Additionally, microvessels potentially provide a source of trophic factors such as insulin-like growth factor (IGF)-1 and nerve growth factor that support neuronal function. These factors have been shown to decrease in aging together with reductions in cortical microvascular density (Sonntag et al., [@B59]) and microvascular growth (Ingraham et al., [@B33]), and are also implicated in age-related cognitive decline (Ramsey et al., [@B52]).

An increased microvascular density can be explained in two ways. First, resveratrol could actively stimulate angiogenesis or second, resveratrol could prevent an age-related decline in angiogenesis and/or deterioration of vascular status. Since resveratrol has been reported to inhibit angiogenesis *in vitro* (Igura et al., [@B32]; Cao et al., [@B9]), it seems more likely that resveratrol supplementation in the present study attenuated the age-related decline in vascular density and maintained normal levels of angiogenesis as opposed to an increase in angiogenesis and vessel density over control levels. Moreover, resveratrol appeared to prevent or delay the occurrence of microvascular abnormalities, another hallmark of aging-related decline in the microvascular condition.

There are multiple pathways via which resveratrol could prevent age-related decline in vascular density and occurrence of microvascular abnormalities. First, resveratrols' antioxidative properties prevent oxidation of membrane lipids and ensure normal cellular functioning, whereas excessive oxidative stress has been reported to impair angiogenesis (Urbich et al., [@B62]; Michaud et al., [@B45]). Second, resveratrol is likely to influence cerebrovascular health by its capability to reduce platelet aggregation (Bertelli et al., [@B6]; Stef et al., [@B61]) and its facilitation of endothelium-dependent vascular relaxation (Rush et al., [@B57]). Finally, resveratrol may be able to prevent the aging-related decline in cerebrovascular condition via the activation of biochemical pathways that involve SIRT1 (a sirtuin gene encoding a NAD+ dependent deacetylase). Resveratrol has been categorized as a sirtuin-activating compound which is known to mimic caloric restriction and was found to increase life span in lower organisms via the activation of sir2, a conserved deacetylase proposed to underlie the beneficial effects of caloric restriction (Howitz et al., [@B30]; Wood et al., [@B66]). In mammalian cells, resveratrol and/or resveratrol-activated SIRT1 have been found to induce processes that promote cellular functioning and control cell death (Picard et al., [@B50]; Chen et al., [@B10]; Kolthur-Seetharam et al., [@B39]; Alvira et al., [@B1]; Okawara et al., [@B47]; Barger et al., [@B3]; Pearson et al., [@B48]; Raval et al., [@B53]). The finding that caloric restriction itself benefits cortical microvascular density and local cerebral blood flow in aged rats (Lynch et al., [@B44]) supports the idea of this pathway as a potential mechanism of action. Additionally, both resveratrol and SIRT1 were shown to exert vasoprotective effects against oxidative stress and inflammatory factors (Csiszar et al., [@B12]).

More recent studies found compelling effects of resveratrol, as a substance that potentially enhances the health and lifespan of organisms. For instance, Barger et al. found that even a low dose of resveratrol partially mimics caloric restriction in mice by assessing transcription patterns in several tissues, including the brain. Resveratrol supplementation was around 25% of the dosage used in the current study. Interestingly, chronic resveratrol supplementation in mice on a high-calorie diet showed prolonged survival and a prolonged general health (Baur et al., [@B4]). In this particular study, mice received resveratrol in a chronic fashion, doses and timing highly comparable to our experimental design. The authors found that resveratrol produces changes associated with a longer lifespan, resulting in a physiological shift of middle-aged mice on a high-calorie diet towards that of mice on a standard diet. In a more recent study by the same group, resveratrol had no effects on survival in normal mice, but they did find that resveratrol mimics transcriptional patterns in different tissues (Pearson et al., [@B48]). Although we did not assess survival, but focused on neurobiological function and cerebrovascular condition, our data suggest that one of the target-systems for resveratrol to exert its beneficial effects can be found in a preservation of the cerebrovascular system.

Interestingly, the effects of resveratrol appear to be the most prominent in the hippocampus as reflected by the region-specific increase in microvascular density. As an interesting parallel, the beneficial effects of physical exercise on the microvasculature, have also shown a high degree of regional specificity, even within the hippocampal formation (Pereira et al., [@B49]; Van der Borght et al., [@B63]). This demonstrates that, even though the hippocampus is one of the most vulnerable regions when it comes to age-related pathology, the hippocampal microvasculature contains adaptive potential and may prove to be an interesting therapeutic target.

In contrast to the results on the cerebrovascular level, we did not find any effects of chronic resveratrol treatment on structural parameters of the cholinergic system i.e. cholinergic cell number and fiber density. The lack of effects on neuronal level is actually paralleled by previous studies on aging, where no quantitative difference in the number of neurons or synapses were found (for review see Coleman and Flood, [@B11]). Furthermore, previous studies on dietary supplementation in Tg2576 transgenic mice, a model for Alzheimer\'s disease, found a strong effect on spatial learning, but no effects on histological read outs (Stackman et al., [@B60]; Quinn et al., [@B51]). A recent study, however, argues in favor of the direct effects of resveratrol on neuronal health since they showed a reduction in neurodegeneration (cell death) in parallel with a rescued cognitive functioning after resveratrol treatment (Kim et al., [@B38]). However, this study used intracerebroventricular injections which leads to a direct treatment of neuronal tissue. When applied in an oral fashion, resveratrol is required to enter the brain in sufficient levels in order to exhibit its direct effects on neuronal health. In the present study we show that resveratrol is present in the blood, fluctuating according to daily food intake. However, the bioavailability of resveratrol and relative concentrations in different tissues are still under discussion (Rossi et al., [@B56]) and it is unknown whether sufficient concentrations of resveratrol cross the blood-brain barrier to exert direct beneficial effects at the neuronal level. This should be considered when evaluating the relevance of the physiological effects of resveratrol in view of treatment options.

In conclusion, this is the first study to show beneficial effects of long-term dietary supplementation with the natural polyphenol resveratrol on cognitive functioning and cerebrovascular condition. The status of the cerebrovascular system and the neurovascular unit have gained increasing interest as a potential target for treatment of aging associated disorders of the brain (Iadecola, [@B31]; Zlokovic, [@B69]). In this light, we propose that ingestion of resveratrol, thereby targeting the integrity of the cerebrovascular system, can be an effective and simple method to support healthy aging of the brain.
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